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Abstract 
In this work, the electrochemical characterization of 2205 duplex stainless steel welded plates (6.35 mm thick) was carried out. 
The plates were gas metal arc welded (GMAW) in a single pass using two gas mixtures, Ar+2%O2 (M1) and Ar+3% N2 (M2). 
With the M1 gas mixture an axial magnetic field of 3 mT was applied. Optical and scanning electron microscopy techniques were 
used for microstructural characterization of the welded joints focusing on qualitative and quantitative analyses of the phases 
present in the weld zone. These results were correlated with the electrochemical tests employed for measuring sensitization and 
resistance to pitting corrosion. It was found that the application of an axial magnetic field of 3 mT improves the resistance to 
localized corrosion in aqueous media with chloride ions, both in the weld metal and in the heat affected zone due to the increased 
regeneration of austenite, which might arrests the precipitation and growth of detrimental phases.  
© 2014 The Authors. Published by Elsevier Ltd. 
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The paragraphs continue from here and are only separated by headings, subheadings, images and formulae. The 
section headings are arranged by numbers, bold and 10 pt. Here follows further instructions for authors. The 
approximate 50/50% phase ratio of duplex stainless steels (DSS) offers superior mechanical and electrochemical 
properties than both austenitic and ferritic stainless steels. During fusion welding, however, these alloys experience 
profound microstructural transformations affecting the distribution and phase balance in the different regions of the 
welded joints, inducing loss of mechanical and electrochemical properties [1]. The effect of the welding thermal 
cycle is reflected on the grain growth of the ferritic phase ( ) due to the total or partial dissolution of the austenitic 
phase ( ) in the high temperature heat affected zone (HTHAZ) increasing the volume fraction of -phase due to the 
relatively fast cooling [1-4]. It is well know that  phase can nucleate and growth in the HTHAZ reducing impact 
toughness and the resistance to localized corrosion due to the Cr and Mo depleted zones created adjacent to this 
phase [5-6]. Another undesirable phase that decreases corrosion resistance is CrN which precipitates within the -
phase grains and along the -  and -  grain boundaries owing to the high affinity of N by Cr [1-2, 4, 7]. The 
decrease in pitting corrosion resistance (PCR) at the HTHAZ of DSS fusion welded joints is related to the increase 
of  phase in this region, which has lower pitting resistance equivalent number (PREN) than  phase [2, 8-9]. The 
regeneration of  phase in the HTHAZ is a key factor that must be promoted because as the volume fraction of  
phase increases, the zone becomes more susceptible to localized attack and enhances the possibility of nucleation 
and growth of detrimental phases [1-3, 10]. 
The generation of phase at the weld metal (WM) depends on the heat input and filler metal chemical 
composition [1-2, 4, 11-13]. However due to the relatively fast solidification and cooling rate during fusion welding 
the heat input must be high enough to favor the largest regeneration of  phase, while avoiding at the same time the 
precipitation of detrimental phases in the HTHAZ. In order to achieve a /  phase ratio close to 50/50, careful 
control of welding operative variables and/or post weld heat treatments are needed [1, 14] along with the addition of 
 phase stabilizers in the filler metal [1-2, 4, 10-11, 15] and N in the shielding gas [12-13, 16]. As an alternative, the 
application of an external magnetic field (EMF) during GMAW of DSS showed, in a previous work, that the 
interaction between the magnetic field inherent to the welding process with direct current and the EMF promotes a 
grain refinement in the WM and a reduction of the HTHAZ, improving the phases balance in both WM and HTHAZ 
[17]. Curiel et al., reported that the application of axial magnetic fields of low intensity during GMAW of austenitic 
stainless steels inhibits the precipitation and growth of detrimental phases in the heat affected zone and improve 
corrosion resistance [18]. Hereby, the aim of this work is focused on the evaluation of the intergranular and pitting 
corrosion resistance of DSS GMA welds with two gas mixtures and under the application of 3 mT EMF.    
2. Experimental procedure 
2.1. Welding procedure 
Plates of AISI 2205 DSS (6.35 x 70 x 150 mm) with a single V groove configuration, as shown in Figure 1, were 
joined using the GMAW process with an ER-2209 filler wire, 1.2 mm in diameter, fed at 160 mm/s. Two shielding 
gas mixtures: 98 % Ar + 2 % O2 (M1) and 97 % Ar + 3 % N2 (M2) were used flowing at 17 L/min. The chemical 
composition of the base metal (BM) and filler wire are listed in Table 1. The welding torch was displaced at 3.6 
mm/s with a stick out of 10 mm. A constant voltage power supply was used with direct current-electrode positive. 
Welding parameters were adjusted to obtain an approximate heat input of 1.4 kJ/mm considering an efficiency of 
75% for the GMAW process. The experimental setup for welding with the application of EMF using an external 
power supply consisted in placing a coil in the same plane of the plates to be welded [17]. The EMF applied was 3 
mT using as shielding gas the M1 mixture. Another weld was performed without EMF with the M2 gas mixture. 
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Fig. 1. Single V groove preparation of plates for welding. 
 
Table 1. Chemical composition of base and filler alloys according to manufacturers (wt.%) 
 C P Si Ni Cu N Mn S Cr Co Mo Fe 
2205  0.016 .0021 0.40 5.72 0.15 0.17 1.37 0.001 22.42 0.24 3.13 Balance 
ER2209 0.03 
max 
0.03 
max 
0.90 
max 
7.5-
9.5 
0.75 
max 
0.08-
0.20 
0.50-
2.0 
0.03 
max 
21.5-
23.5 
-- 2.5-
3.5 
Balance 
2.2. Microstructural analysis 
The microstructure of the as-received plates and samples taken from transversal sections of the welded joints 
were analyzed by optical microscopy (OM) on samples subjected to electrochemical etching in KOH 10 N solution, 
applying 6 V for 3-6 s after standard metallographic preparation. Phase quantification in the as received plates and 
welded joints at the HTHAZ and WM was performed with commercial software by determining the area fraction of 
-phase from digital images. Samples were also analyzed in a scanning electron microscope (SEM) equipped with 
an energy dispersive X-ray (EDX) detector. 
 
2.3. Electrochemical characterization 
 
The resistance to localized corrosion was evaluated on samples cut from the welded plates at the same position 
than those used for the microstructural analysis. Samples were embedded in epoxy resin to be used as working 
electrodes with a copper wire attached to the rear part for electric contact. A conventional three electrode 
electrochemical cell was used with the DSS samples as working electrodes, a calomel saturated electrode (CSE) as 
reference electrode and a graphite bar as auxiliary electrode. Potentiodynamic polarization was applied to the 
samples in order to determine the degree of sensitization (DOS) and the resistance to pitting corrosion (RPC). The 
tests were made three times for reproducibility validation using samples ground with SiC paper 1200 grit, rinsed 
with distillated water and degreased with acetone and fresh electrolyte for every test. 
To determine the DOS, double loop electrochemical potentiokinetic reactivation method (DL-EPR) was used 
from wich the ratio Ir/Ia was measured, being Ir the reactivation current peak and Ia the activation anodic current 
peak as shown in Figure 2. The application of this method for evaluating the DOS in DSS requires a more 
aggressive electrolyte than that used for austenitic stainless steels [19], for DSS the electrolyte consisted of 2M 
H2SO4 + 1M HCl as reported by Gong et al., [20]. The tests were carried out on samples taken from the welded 
joints of 4 x 6 mm2. Cyclic potentiokinetic polarization was conducted from the open circuit potential to 200 mV vs 
CSE with a scanning rate of 1 mV/s at 30  1 °C in a Potenciostate/Galvanostate Princeton Applied Research 
EG&G 273 A. 
Tests for determining the RPC were made by applying potentiodynamic polarization in a 3.5 wt.% NaCl solution 
at 40  1 C using the same electrochemical cell configuration and the welds as working electrodes. The applied 
cathodic over potential was 200 mV and from this potential the potentiodynamic polarization ran at 0.833 mV/s up 
to a potential value at wich the anodic current increased sharply two orders of magnitude associating this with the 
pitting potential.  
After determining the chemical composition of the different phases present in the weld zone, by SEM-EDX, a 
pitting resistance equivalent number (PREN) profile was determinated, assuming a 0.05 wt.% as the maximum 
solubility of N in -phase and the rest is in solid solution in -phase [15]. For this condition it was found that PREN 
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= %Cr + 3.3 (%Mo) + 30 (%N). In this profile, the calculations were based in the N content of the steel according to 
the manufacturer. 
    
Fig. 2. DL-EPR curves of not sensitized and sensitized materials, taken from [19]. 
3. Results and discussion 
3.1. Microstructural analysis 
  
Figure 3a shows the OM microstructure of the BM used for the welds in which the /  phase ratio quantification 
indicates 48 % phase (dark) and 52 %  phase (white) with a standard deviation of 1.6. Figure 3b shows, under the 
resolution of the SEM, a free detrimental phases microstructure, where  phase is white and  phase is dark. The 
elemental chemical composition obtained from EDX-SEM is shown in table 2. It can be seen that the higher Cr and 
Mo contents are present in  phase and a higher Ni content is present in  phase, corresponding to the typical AISI 
2205 DSS chemical composition. 
Figure 4 shows the microstructure of the HTHAZ and the WM of the welded joints. Application of low intensity 
EMF, induces the formation of smaller  grains as compared to the welds made without EMF as shown in Figures 
4a, 4b and 4c, (the last one for the condition of welding with gas M2). This phenomenon was observed in the 
HTHAZ of the sample welded under the interaction of 3 mT EMF and may be attributable to the block of the grain 
growth due to a constriction of the matrix during cooling and by the electromagnetic stirring (EMS) of the weld 
pool. The EMS could reduce the thermal gradients inducing an increase of undercooling with the consequent grain 
refinement of  phase matrix in the WM [21-22]. For the case of welds made using M1 shielding gas and without 
application of EMF the grain size in the WM is coarser as can be observed in Figures 4d and 4g. This reduction in 
grain size promotes the increase of nucleation sites of  phase, because preferential sites for nucleation and growth 
of  phase in DSS are the grain boundaries of the ferritic  matrix. An increase in the grain boundaries of  -ferrite in 
fusion welding of DSS leads to an increase of  phase which could block the growth of detrimental phases and as 
consequence to an improvement in mechanical and electrochemical properties in the welded joint. 
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Fig. 3. Typical DSS microstructure of BM in the as received condition. a) optical microscopy and b) scanning electron microscopy. 
 
Table 2. EDX-SEM elemental quantification (wt.%) of phases   and . 
Element 
Si 0.34 0.29 
Cr 23.75 20.85 
Fe 65.22 68.39 
Ni 3.67 7.02 
Mo 3.55 2.25 
 
Fig. 4. DSS weld zone microstructures of the different welding conditions (The bar length correspond to 100 m). 
 
a) b) 
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3.2. Degree of sensitization 
 
Samples welded using M2 gas mixture without the influence of EMF presented the highest DOS value as can be 
seen in Figure 5 from the DL-EPR curves and the DOS values as function of the welding condition. The BM 
presented the lowest activation and reactivation current densities and consequently the lower DOS value. The use of 
the M1 gas mixture showed better behaviour than M2 mixture, even in the absence of EMF applied during welding. 
This may be related to the formation of detrimental phases in the HTHAZ which reduces significantly the resistance 
to intergranular corrosion (IGC) of welded DSS.   
A substantial quantity of chromium carbides and/or  phase may be present in the HTHAZ of welds made 
without EMF, which leads to high values of DOS as showed in Figure 5b. This suggests that the DOS obtained by 
DL-EPR tests increases with the increase of  phase precipitation as result of a welding process without the 
application of axial magnetic field. This behavior has been reported for DSS after aging at 900 C for different 
periods of time [23]. Precipitation of -phase is as dangerous as that of M23C6 carbides for the resistance to IGC. 
 
 
Fig. 5. a) Linear DL-EPR curves and b) DOS for samples from the BM and the HTHAZ for the different welding conditions. 
 
The weld made with EMF shows an increase in the IGC resistance in comparison with the welds made without 
EMF. There are some aspects that might contribute to this behaviour. Perhaps, the most important is the 
regeneration of phase in the HTHAZ suppressing the growth of detrimental phases according to the literature [1-2, 
24-27]. The microstructural analysis pointed out that the application of the EMF reduces the amount of dissolved  
phase. As a consequence, there is a reduction in the continuity of the -  grain boundaries, which improved the 
resistance to IGC as reported in the literature [1-2, 10, 24-28]. Kim et al. [29] reported that the resistance to IGC of 
DSS increase due to the decrease in the -phase fraction.  
 
3.3. Pitting resistance corrosion 
 
Figure 6a shows the curves obtained from potentiodynamic polarization applied to samples of the welded joints 
at the HTHAZ. In principle, the pitting potential (Ep) is defined as the potential level at which the passive film is 
destroyed and intense localized attack takes place. The resistance to pitting corrosion of an alloy increases with an 
increase in Ep maintaining a passive condition of the surface through a potential window starting from the corrosion 
potential (ECorr). The resistance to pitting corrosion of an alloy can be related to the potential difference between Ep 
and Ecorr as:  Ep = Ep – ECorr. Thus, the HTHAZ presented lower Ep than the BM as shown in Figure 6b. This 
could be related to the increase of -phase volume, which has lower PREN30 than the -phase .  
For the weld made using 3 mT EMF, there was a slight increase of the Ep as compared with the weld made 
using gas mixture M1 without EMF, but the best behaviour was obtained for the weld made using the M2 gas 
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mixture without EMF as can be seen in Figure 6b. This result could be related with the enrichment of N in solid 
solution which enhances the resistance to pitting corrosion [12]. 
Based on the EDX-SEM chemical analyses conducted in the -phase and -phase for samples after welding, the 
PREN values for each phase were plotted as a function of the welding condition as shown in Figure 7. The 
difference in chemical composition between -phase and phase implies a difference in resistance to localized 
corrosion between both phases, where  is the weakest phase, as can be observed in plot in Figure 7. It can be 
observed also that when the M1 gas mixture is used, the difference between PREN of  and  phase tends to be 
reduced even if not EMF is applied, it means that M1 gas mixture has a greater effect on HTHAZ than M2. 
 
 
Fig. 6. a) Polarization curves of BM and samples taken from the HTHAZ of joints welded under different conditions. b) E vs welding condition 
for samples taken from HTHAZ 
 
 
 
Fig. 7. PREN values as a function of welding condition for -phase and -phase of welded joints in the HTHAZ. 
 
The OM micrographs in Figure 8 show a representative microstructure of the HTHAZ and the pits formed. It was 
found that pitting corrosion predominantly occurred in  phase and -  grain boundaries, where phases like 
chromium nitrides could have been formed. 
As mentioned above, a substantial quantity of detrimental phases may be found in the HTHAZ of welds made 
using M1 gas mixture without the application of EMF, which induces high values of DOS and low resistance to 
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pitting corrosion. Deng et al [8] reported a dramatic reduction in CPT for AISI 2205 DSS mainly due to the 
precipitation of  phase precipitation. 
 
      
      
Fig. 8. OM micrographs from BM and HTHAZ of the different welding condition after pitting test.  
4. Conclusions 
From the study of the effect of two different gas mixtures and the application of low intensity electromagnetic field 
during the GMAW welding process of AISI 2205 duplex stainless on the resistance to pitting and intergranular 
corrosion, the following conclusions may drawn. 
 
- The desirable 50/50 in the /  phase ratio in WM can be achieved with the simultaneous application of a 3 
mT EMF during welding process.      
- The application of 3 mT during GMAW of DSS, can hinder the growth of detrimental phases, enhancing 
the resistance to localized corrosion of the welded joint in the weld zone when compared with welds made 
using the M2 shielding gas mixture. 
- Pitting corrosion resistance in NaCl solution is lower in the HTHAZ when no EMF was applied and M1 
gas mixture was used.       
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